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TECHNICAL NOTE
Plant age effects on soil infiltration rate during early plant establishment
A. K. LEUNG, D. BOLDRIN†, T. LIANG, Z. Y. WU, V. KAMCHOOM‡ and A. G. BENGOUGH†
Infiltration rate affects slope stability by determining the rate of water transport to potential failure
planes. This note considers the influences of vegetation (grass and willow) establishment and root
growth dynamics on infiltration rate, as related to establishing vegetation on bioengineered slopes.
Soil columns of silty sand with and without vegetation were tested by constant-head infiltration tests at
2, 4, 6 and 8 weeks after planting. Infiltration rate increased linearly with plant age and below-ground
traits including root biomass and root length density. Infiltration rate for willow-rooted soil was an
order of magnitude higher than for fallow soil. The plant age effect was more prominent for willow,
which grew faster and with thicker roots than the grass. Illustrative seepage analysis suggests that
ignoring the plant age effects could underestimate wetting front advancement to greater depths during
rainfall, and underestimate suction recovery at shallow depths during internal drainage.
KEYWORDS: partial saturation; permeability; seepage; suction; vegetation; water flow
INTRODUCTION
Soil infiltration rate plays a key role in slope hydrology and
stability. It is one of the most important soil parameters
that affects prediction of slope failure mechanism, especially
when soil–plant interaction in shallow soil is taken into
account (Nyambayo & Potts, 2010; Sidle & Bogaard, 2016;
Tsiampousi et al., 2017). Plant roots permeated into the soil
matrix could modify the soil structure (Scholl et al., 2014;
Ng et al., 2016) and hence affect the infiltration rate due to
root growth and penetration (Ghestem et al., 2011). Effects
of roots on soil infiltrability have often shown contrasting
results. Studies that focus on relatively young plants found
slowing of infiltration (Gish & Jury, 1983; Leung et al., 2015;
Jotisankasa & Sirirattanachat, 2017) presumably due to root
occupancy of soil pore space, which blocks water flow paths
(Scholl et al., 2014; Ng et al., 2016). In contrast, increased
infiltration rate is more often reported in mature plants
(van Noordwijk et al., 1991; Mitchell et al., 1995; Ng et al.,
2017), and is attributable to the formation of (a) root channel
related macropores associated with root decay (Ghestem
et al., 2011) or (b) desiccation cracks upon drying of
medium- to high-plasticity clay (Zhan et al., 2007;
Jotisankasa & Sirirattanachat, 2017; Song et al., 2017). The
existing research often considered plant effects only at one
particular plant age. Although limited studies have reported
infiltration data at different plant ages (Table 1), the role
of root growth dynamics is generally ignored, leaving gaps
in the understanding of its effects on infiltration.
This note quantifies effects of plant age on soil infiltration
rate and the associated impact on soil hydrology for two
contrasting species (herbaceous andwoody species). Particular
attention is paid to the soil–plant interaction during early plant
establishment, which represents a critical period for slope
stabilisationusing soil bio-engineeringmethods (Schmidt et al.,
2001; Stokes et al., 2014; Sidle & Bogaard, 2016).
METHODS
Selected plant species
Two species were tested, Salix viminalis tora (willow)
and Lolium perenne  Festuca pratensis hybrid (Festulolium
grass), which represent two plant functional groups that have
contrasting root systems. The willow is a fast-growing species,
and a common candidate for slope stabilisation in multiple
soil bio-engineering projects (Steele et al., 2004; Mickovski
et al., 2009; Wu et al., 2014). The grass was bred by theWelsh
Plant Breeding Station in the 1970s, and has been recently
selected for flood mitigation purposes (Macleod et al., 2013).
Soil type and preparation of soil columns
The soil tested was collected from Bullionfield, The
James Hutton Institute, Dundee, UK. It was a silty sand,
which comprises 71% sand, 19% silt and 10% clay, and has
field capacity of 0·27 g/g. The soil (sieved, 2 mm; optimum
water content of 0·18 g/g) was compacted into ten layers
in a column of 50 mm dia. and 450 mm high. The targeted
dry density was 1400 kg/m3. At the bottom of each column,
a 20 mm thick layer of pea gravel was placed to facilitate
drainage during testing.
A pre-germinated seed of grass was sown at 5 mm
depth in each soil column. For growing willow, branch
cuttings were used – collected in early spring when the
willows were dormant. One-third of a 100 mm long branch
(12·0 ± 0·1 mm diameter; mean±standard error) was inserted
into each soil column. In total, 27 columns were prepared
(12 for the grass, 12 for the willow and three for fallow soil as
control). All columns were placed in a growing area, where
the lighting and temperature were controlled. A data logger
(EL-USB-2; Lascar electronics, UK) was used to monitor
temperature during day/night cycles (daytime – 16 h of
light; 27·3± 0·4°C; night – 8 h of dark; 22·2 ± 0·1°C;
mean±standard error). Columns were irrigated every 2 days
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and the amount of water added was used to adjust soil water
content to field capacity.
Test procedures
Three replicated soil columns were taken for infiltration
testing after growing for 2, 4, 6 and 8 weeks. Before testing,
each column was saturated with water for 24 h. A Mariotte
bottle was then connected near the top of the column for
applying a constant ponding head of 20 mm at the soil
surface, while allowing free drainage at the column base. The
hydraulic gradient across each soil column was thus con-
trolled at 1·04. The rate of change of water volume in the
Mariotte bottle was recorded continuously until a steady-
state condition was reached. Steady-state infiltration rate was
obtained by dividing the rate of change of water volume by
the column sectional area.
To measure the plant traits, root biomass and root length
density (RLD), 12 additional columns were prepared in
parallel for each plant type (three replications for each plant
age). Root samples were excavated and washed from the soil,
with extra care taken not to discard finer roots. The measure-
ments of the two plant traits followed the procedures
reported in Boldrin et al. (2017) and Liang et al. (2017).
Statistical analysis
GenStat 17th edition (VSN International) and
SigmaPlot13 (Systat Software Inc.) were used for statistical
analysis. Significant differences were assessed with one-way
Anova (analysis of variance), followed by post hoc
Tukey’s test. Correlations were tested using Spearman’s
rank correlation analysis and regression analysis. Results
were considered statistically significant when p-value  0·05.
RESULTS AND DISCUSSION
Figures 1 and 2 highlight contrasting patterns of root
growth exhibited by the grass and the willow. It can be seen in
Fig. 1 that the root system of grass during the early-stage
development (i.e. first 4 weeks) was mainly constituted by
very thin roots (i.e. dia. , 0·1 mm), which accounted for
about 40% of total root length. Grass roots with a diameter
larger than 0·5 mm represent only 3% of total root length.
On the contrary, for 2 week old willow (Fig. 2), very thin
roots represent less than 20% of total root length. More than
30% of total root length is found in the diameter classes
larger than 0·5 mm (i.e. ten-fold higher than in the grass).
The infiltration rate for the vegetated soil was generally
faster than for the fallow soil, regardless of plant type and
age (Fig. 3, Tables 2 and 3: except for the 2 week old grass).
Root growth and penetration therefore might have created
sufficient macro-pore space in the soil matrix to enhance
infiltration. For both species, infiltration was linearly correla-
ted with plant age (p-value , 0·001). Infiltration rate for the
8 week old willow and grass increased by four and six times,
respectively, as compared with the 2 week old plants.
Infiltration rate was related to root biomass (Fig. 4(a)) and
Table 1. Studies reporting effects of plant age on infiltration rate or saturated hydraulic conductivity
Species Soil type and
preparation
Plant age Effect on infiltration rate or
saturated conductivity, as
compared with fallow soil
Reference
Wheat (Triticum aestivum) Sandy loam and loamy
sand soils, repacked
to bulk density of
15·2 kN/m3
Wheat (living plants, single
time-point)
Dispersion of solute used to
infer degree of bypass
flow:
, fallow soil for live
plants
Gish & Jury
(1983)
Wheat (after 1·5 years’
decomposition)
. fallow soil for
decomposed plants
Tulip poplar (Liriodendron
tulipifera), black gum
(Nyssa sylvatica)
and red maple
(Acer rubrum)
Field soil – variable
deposits from sand
to clay
Natural wetland
riparian vegetation,
indeterminate ages (plant
age not a variable)
Evidence of bypass flow
from tracer experiments,
with bypass flow up to
152 times that of matrix,
substantially along dead
root channels
Elci & Molz
(2009)
White alder (Alnus incana) Poorly graded sand
and silty sand,
repacked to dry
density of 16 kN/m3
1, 2, 4 and 8 months Increased with plant age
during 2 months of
growth, followed by
stabilisation at 4 months
old and a subsequent
decrease at 8 months old
Vergani & Graf
(2015)
Scots pine trees
(Pinus sylvestris)
Field soil – various
peaty podzols
Scots pine had grown for 6,
48, 300 or.1000 years on
these sites. Single
time-point measurements
Increased with forest age by
between one and two
orders of magnitude
Archer et al.
(2015)
Vetiver grass
(Chrysopogon
zizanioides)
Low-plasticity silt,
repacked to dry
density of
13·1 kN/m3
4–10 months . fallow soil when root
biomass per soil volume
is less than 6 kg/m3
Jotisankasa &
Sirirattanachat
(2017)
, fallow soil when root
biomass per soil volume
is higher than 6 kg/m3
Clayey sand, repacked
to dry density of
14 kN/m3
, fallow soil when root
biomass per soil volume
is less than 6 kg/m3
Similar to fallow soil when
root biomass per soil
volume is higher than
6 kg/m3
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RLD (Fig. 4(b)), as these two traits also increased with age
(Tables 2 and 3). These relations appear to be species
specific. This is because both root biomass and RLD are
related to other traits such as root length in each diameter
class (Figs 1 and 2), which could at the same time affect these
relations.
The faster infiltration rates in willow, as compared with
grass at any age, may be due to the faster growth rate of
willow and its greater quantity of larger roots (. 0·5 mm)
(Figs 1 and 2, and Table 2). Bodner et al. (2014) showed that
coarser root systems would more prominently increase
macro-porosity, while species with dense, finer root systems,
such as grass, increase the heterogeneity of soil pore space
and increase micro-pore volume. Indeed, very fine roots
could permeate and so decrease large micro-pore and fine
macro-pore (2·5–500 μm) volume (Scholl et al., 2014). In the
present authors’ experiments, the very small grass roots may
therefore have blocked soil pores and slowed infiltration,
whereas larger grass and willow roots may have generated
preferential pathways in the soil for water flow.
ENGINEERING IMPLICATIONS
Illustrative transient seepage analysis was conducted to
investigate the significance of plant age effects in soil
bio-engineering practice. The finite element, Hydrus 1-D
(Šimu˚nek et al., 2013), was used. One-dimensional (1D)
seepage in soil was modelled by the Darcy–Richards equa-
tion. Two soil hydraulic properties, the soil water retention
curve and soil hydraulic conductivity function, are needed to
solve the equation. The soil water retention curve of the silty
sandwas measured by Liang et al. (2017) and vanGenuchten
(1980) model parameters fitted to the data (Table 4). The soil
hydraulic conductivity function was estimated using the
Muleam–van Genuchten equation (van Genuchten, 1980).
The saturated hydraulic conductivity for each case was
obtained by dividing the measured steady-state infiltration
rate by the hydraulic gradient of 1·04 controlled in all column
tests, assuming Darcy’s law.
A 1D, 2 m deep soil column, with and without vegetation,
was simulated. For vegetated cases, two soil domains were
created. Depending on the rooting depth, the top domain
represents soil permeated with roots, while the bottom
domain represents bare soil. For illustrative purposes,
the root growth model proposed by Šimu˚nek & Suarez
(1993) was adopted to estimate the rooting depth at different
ages
LR tð Þ ¼ L0L0 þ Lm  L0ð ÞeðgtÞ Lm ð1Þ
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Fig. 1. Percentage of grass root length in each diameter class between <0·1 and 5·0 mm at: (a) 2 weeks; (b) 4 weeks; (c) 6 weeks; (d) 8 weeks.
Note that the lower boundary of diameter class is included in the class whereas the upper boundary is not. Values of total root length are given in
the graphs. Mean values are reported±standard error of mean (n=3)
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where t is growing period; L0 is initial rooting depth; Lm is the
maximum rooting depth (assumed to be 1·5 m for willow, and
0·5 m for grass); and g is the root growth coefficient. The root
growth coefficient is to control the non-linearity of the
relationship between rooting depth and growth period. Based
on the observed root depth at different plant age (Table 2) and
the assumed maximum rooting depth, the root growth
coefficient is found to be 0·4 and 0·8 week1 for the willow
and the grass, respectively. Hence, rooting depth after 2, 4, 6
and 8 weeks’ growth for the willow and the grass are known.
At each plant age, the vegetated columns, and a fallow column
as control, were subjected to the same rainfall intensity of
10 mm/d for 2 d and then internal drainage for another 8 d.
Note that zero plant transpiration and zero canopy rainfall
interception was assumed in all analyses (approximating
winter conditions for the deciduous willow). All analyses
considered a fixed groundwater table at 2 m depth and the
initial distribution of suction was hydrostatic.
Figure 5 compares the effects of willow and grass on the
distribution of suction (or negative pore-water pressure) after
rainfall. Ignoring the plant effects on infiltration under-
estimated the wetting front advance and, importantly, over-
estimated the suction preserved at depth during rainfall.
Because of increased drainage by plant roots, higher suction
was preserved in the surface horizon. Grass roots showed
similar trends to willow (Fig. 5(b)) but to a lesser extent, as
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Fig. 2. Percentage of willow root length in each diameter class between <0·1 and 5·0 mm at: (a) 2 weeks; (b) 4 weeks; (c) 6 weeks; (d) 8 weeks.
Note that the lower boundary of diameter class is included in the class whereas the upper boundary is not. Values of total root length are given in
the graphs. Mean values are reported±standard error of mean (n=3)
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Fig. 3. Relationships between steady-state infiltration rate and the age
of grass and willow. Mean values are reported±standard error of mean
(n=3). Linear regressions of all data points from all replicates are
given in Table 3. Dashed lines represent 95% confidence bands.
Spearman’s rank correlation analysis between infiltration and plant
age of all replications was performed for grass: r=0·92 and P-value
< 0·001, and willow: r=0·97 and P-value < 0·001. Triangle on y-axis
(open symbol) represents the mean value of infiltration recorded in
fallow soil (2·25 × 10−6 ± 1·53 m/s)
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they influenced saturated conductivity less. The results imply
that, as far as deep-seated failure (i.e. below rooting depth) is
concerned, it may be unconservative simply to use the fallow
soil saturated conductivity in slope stability calculations
(i.e. to assume that root growth has a negligible effect during
early tree establishment).
Willow had larger effects on suction redistribution than
grass after 8 days of drainage (Fig. 6). Root growth-induced
increase in saturated conductivity caused greater suction
recovery in surface horizons. This means that the ability
of plants to create soil water deficit is underestimated when
the plant age effects are ignored. Although greater suction
recovery is beneficial to slope stability, for other applications
such as landfill cover design, ignoring root age effects could
degrade the accuracy of soil water balance calculations.
SUMMARYAND CONCLUSIONS
This study quantified the effects of roots and their growth
for two distinct plant functional types (grass and willow) on
water infiltration rate during early plant establishment.
Root growth induced an increase in infiltration rate by up
Table 2. Summary of measurements (mean±standard error of mean) for both grass and willow
Age: weeks Infiltration rate: m/s Root depth: mm Root biomass: g Root length density: cm/cm3
Grass
2 1·96 106 ± 3·25 107a 173± 0 0·012±0·001a 0·82 ± 0·22a
4 6·39 106 ± 1·42 106ab 367± 1 0·065± 0·005b 2·19 ± 0·22a
6 7·93 106 ± 1·64 106ab 450± 2 0·338± 0·010c 5·64± 0·86b
8 1·37 105 ± 2·16 106b 450± 3 0·461± 0·025c 7·14± 0·64b
Willow
2 5·21 106 ± 2·34 109a 256± 16 0·075±0·005a 2·42 ± 0·80a
4 1·04 105 ± 1·50 106b 450± 0 0·154± 0·014b 3·00 ± 0·67ab
6 1·81 105 ± 1·30 106c 450± 0 0·352± 0·022c 4·46 ± 0·18ab
8 2·65 105 ± 7·35 107d 450± 0 0·552± 0·035d 5·33± 0·05b
Note: Letters indicate significant differences as tested using one-way Anova followed by post hoc Tukey’s test (root biomass data for both
species and infiltration rate data for willow were square root transformed in statistical analysis). Note that root depth was constrained to a
maximum of 450 mm, due to column dimensions
Table 3. Summary of the fitting coefficients (m and y0±standard error) and adjusted coefficient of determination (R
2) for the linear relationships
( f= y0 +m× x) given in Figs 3 and 4
Relationship Figure m y0 Adj. R
2
Grass
Infiltration rate against age 3 1·85 106 ± 3·28 107 1·83 106 ± 1·83 106 0·76
Infiltration rate against root biomass 4(a) 2·06 105 ± 6·42 106 2·99 106 ± 1·85 106 0·76
Infiltration rate against RLD 4(b) 1·53 106 ± 4·26 107 1·44 106 ± 2·00 106 0·80
Willow
Infiltration rate against age 3 3·64 106 ± 2·75 107 3·24 106 ± 1·57 106 0·95
Infiltration rate against root biomass 4(b) 4·34 105 ± 2·43 106 2·76 106 ± 8·23 107 0·99
Infiltration rate against RLD 4(b) 6·93 106 ± 6·26 107 1·13 105 ± 2·49 106 0·98
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Fig. 4. (a) Relationships between steady-state infiltration and root biomass for grass and willow. (b) Relationships between steady-state infiltration
and root length density for grass and willow. Mean values are reported±standard error of mean (n=3). Dotted lines represent the trends in the
relationships between infiltration and root traits (Table 3). Triangle on y-axis (open symbol) represents the mean value of infiltration recorded in
fallow soil (2·25 × 10−6 ± 1·53 m/s)
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Table 4. Summary of input parameters for seepage analysis
Treatment Rooting depth: m Hydraulic properties for van Genuchten (1980) model*
α: kPa1 n θr θs ks: m/s
Fallow N/A 0·15 1·43 0·170 0·383 2·16 106
2 week willow 0·256 5·03 106
4 week willow 0·450 9·95 106
6 week willow 0·630 1·74 105
8 week willow 0·800 2·56 105
2 week grass 0·172 2·16 106
4 week grass 0·367 6·13 106
6 week grass 0·450 7·64 106
8 week grass 0·500 1·32 105
*Note: The fitting parameters, α, n, θr and θs are obtained from Liang et al. (2017).
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Fig. 5. Simulated pore-water pressure profiles at different plant ages after 2 days of rainfall when soil is vegetated with (a) the willow and (b) the
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to an order of magnitude, compared to fallow soil. The
root age effect was more prominent for willow, which grew
faster and had thicker roots than grass. A positive correlation
was identified between infiltration rate and plant age.
Below-ground plant traits including root biomass and root
length density could explain the infiltration rate for individ-
ual species. Illustrative seepage analysis suggests that ignor-
ing the plant root and its age effects on soil hydraulic
conductivity could underestimate wetting front advancement
to depth during rainfall, and underestimate suction recovery
at shallow depths during internal drainage. Compared to
grass roots, willow roots introduced more significant changes
in soil hydrology at this early growth stage.
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NOTATION
g root growth coefficient
ks hydraulic conductivity at saturation
Lm maximum rooting depth
LR rooting depth at time t
L0 initial rooting depth
m, y0 fitting coefficients
t growing period
α, n, θr, θs fitting parameters
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